Expression of the iap gene of Listeria monocytogenes encoding a major extracellular protein (p60) was analyzed. Different start sites for transcription of the iap gene were identified by primer extension analysis in L. monocytogenes and in a recombinant Escherichia coli clone. The mutant RIII of L. monocytogenes represents a member of the frequently occurring L. monocytogenes R mutants, which form cell chains and produce greatly reduced amounts of p60. However, the concentrations of iap-specific mRNA were similar in mutant RIII and the wild-type strain. The introduction of additional copies of the iap gene from wild-type L. monocytogenes led to an equal increase of iap mRNA in both strains, but overexpression of protein p60 was only observed in the wild-type strain. Recently, we described the cloning and the sequencing of the gene coding for p60 (23). Because of its possible participation in the process of invasion, we named the gene iap (invasion-associated protein). Hybridization experiments showed that genes related to iap are found in most Listeria strains tested. Nevertheless, an internal iap fragment containing an extended repeat region that consists of threonineasparagine units is specific for L. monocytogenes strains (23) and adds to the number of DNA probes already available for the detection of this species (7, 8, 12, 28, 33 (23) were used in the promoter mapping studies. The E. coli clone pLM37 has also been described previously (23).
Expression of the iap gene of Listeria monocytogenes encoding a major extracellular protein (p60) was analyzed. Different start sites for transcription of the iap gene were identified by primer extension analysis in L. monocytogenes and in a recombinant Escherichia coli clone. The mutant RIII of L. monocytogenes represents a member of the frequently occurring L. monocytogenes R mutants, which form cell chains and produce greatly reduced amounts of p60. However, the concentrations of iap-specific mRNA were similar in mutant RIII and the wild-type strain. The introduction of additional copies of the iap gene from wild-type L. monocytogenes led to an equal increase of iap mRNA in both strains, but overexpression of protein p60 was only observed in the wild-type strain. The nucleotide sequences of both iap genes and their 5' noncoding regions were identical in all parts that are essential for efficient transcription of the iap gene, translation of the iap-specific mRNA, and transport of the p60 protein. These data suggest that the expression of the iap gene in L. monocytogenes is controlled on the posttranscriptional level by a specific factor that is defective in mutant RIII.
Listeria monocytogenes is a gram-positive facultative intracellular bacterium causing severe infections in humans and animals, with clinical symptoms such as septicemia and meningoencephalitis (38) . All virulent strains of L. monocytogenes are able to survive and multiply within host macrophages, as was first shown in mice by G. B. Mackaness (29) . Cell lines derived from fibroblasts and epithelial cells can be infected in vitro (13, 25) .
The production and secretion of a hemolysin, listeriolysin 0, appears to be essential for virulence and for intracellular replication of L. monocytogenes in various host tissues (14, 21, 25, 35 ). This conclusion is based on studies that were performed with hemolytic strains isolated from patients and with avirulent, nonhemolytic mutants obtained by transposon mutagenesis (14, 21, 35) . Nonhemolytic mutants are unable to replicate intracellularly, but invasion is not impaired (13, 25) . Recently, mutants producing considerably lower amounts of another major extracellular protein of L. monocytogenes, termed p60 (16), were described (24) . These spontaneously occurring mutants show a rough colony morphology (20) and tend to form long cell chains. The ability to invade 3T6 mouse fibroblast cells is significantly reduced in all rough mutants that have been tested (24) . Upon the addition of partially purified p60 to the cell chains, the chains disaggregate and the resulting single bacteria are able to invade 3T6 cells (24) .
Recently, we described the cloning and the sequencing of the gene coding for p60 (23) . Because of its possible participation in the process of invasion, we named the gene iap (invasion-associated protein). Hybridization experiments showed that genes related to iap are found in most Listeria strains tested. Nevertheless, an internal iap fragment containing an extended repeat region that consists of threonineasparagine units is specific for L. monocytogenes strains (23) and adds to the number of DNA probes already available for the detection of this species (7, 8, 12, 28, 33) .
The major aim of our present study was a better under- (23) were used in the promoter mapping studies. The E. coli clone pLM37 has also been described previously (23) .
Media and reagents. L. monocytogenes strains were grown in brain heart infusion broth (Difco Laboratories, Detroit, Mich.) at 37°C. Erythromycin (10 ,ug/ml) was added to broth or agar, when required. E. coli pSK5 was cultured in LB medium at 37°C in the presence of ampicillin (50 ,uglml).
Restriction enzymes and T4 DNA ligase were purchased from Boehringer GmbH, Mannheim, Germany, and used according to the manufacturer's instructions. Horseradish peroxidase-conjugated swine anti-rabbit antibodies were supplied by DAKO Laboratories, Hamburg, Germany.
[32P]ATP (3,000 Ci/mmol) was purchased from Amersham.
DNA isolation and manipulations. The procedure for the isolation of plasmid DNA from E. coli was as previously described by Birnboim and Doly (4). The same method was used for plasmid isolation from Listeria species, except that lysozyme treatment was performed for 45 min at 37°C before the alkaline lysis step. DNA fragments were purified by electroelution in a biotrap apparatus (15) after appropriate digestion and agarose gel electrophoresis. Recombinant DNA techniques were applied according to standard protocols (30) .
Transformation procedure. L. monocytogenes was transformed by the protoplast transformation technique (6), which has been optimized for Listeria species. The method, which routinely yields 104 transformants per VLg of plasmid DNA, is described elsewhere (42) . RNA isolation. Total RNAs were extracted from bacterial cultures in the log phase, as described by Brosius et al. (5) . For isolation of Listeria RNA, cell lysis was achieved by direct phenol extraction of the cells suspended in Triton X-100 solution. After ethanol precipitation, RNA was purified on a CsCl density gradient (30) .
Promoter mapping by primer extension. (30) . DNA restriction fragments homologous to the probe used were treated like the RNA samples and loaded onto the gel. They served as standards for the size determination of hybridizing RNA bands. After electrophoresis, nucleic acids were transferred onto nitrocellulose in 20x SSC buffer overnight (39) . At this step, both the RNA dot blot and the Northern blot filters were baked for 2 h at 80°C. DNA probes were labeled by random priming (11) .
Prehybridization (4 h) and hybridization (18 h) were performed in 6x SSC-5x Denhardt reagent-0.1% sodium dodecyl sulfate (SDS)-20 mM sodium phosphate buffer (pH 6.6)-2 mM EDTA (pH 8.0)-100 ,ug of denatured salmon sperm DNA per ml in 50% deionized formamide at 40°C.
Filters were then washed for 30 min in 2x SSC-0.1% SDS at 60°C, followed by a 30-min wash in 0.2x SSC-0.1% SDS at 60°C, and exposed to X-ray film (Fuji RX-NIF) for 40 (27) or transferred onto nitrocellulose sheets by semidry electroblotting in a graphite chamber (26) for immunoblot analysis. Anti-p60 arltiserum (23) genes. The most likely -10 box for the Listeria promoter (underlined in Fig. 1B) was (3')TCAAAT. In contrast to other mapped Listeria promoter sequences (31) , the promoter region for the iap gene did not contain palindromic sequences. As previously shown (23) , genes partially homologous to the iap gene of L. monocytogenes are also present in other Listeria species. The homology is most pronounced within the 5' part of the iap gene. To test whether the expression sites of the iap-related genes were similar in these Listeria species, we performed primer extension studies as described above with total RNA from the L. monocytogenes rough strains RI, RII, RIII, and RIV, L. innocua Sv6a, and L. ivanovii. The results (Fig. 2) indicated that the reverse transcripts obtained from RNA of all four rough strains and L. innocua had the same length as that of L. monocytogenes (113 nucleotides), whereas the transcript of L. ivanovii seemed to be one nucleotide shorter. This indicated that not only the 5' part of the structural gene but also the expression site 5' upstream of the gene in the iap-related genes of the rough strains RI through RIV, L. innocua, and L. ivanovii may be similar to that of the L. monocytogenes iap gene.
Northern blot analysis with a 1.6-kb DdeI fragment that contains the entire structural iap gene of L. monocytogenes (23) yielded a single iap-specific transcript of about 1,500 nucleotides (Fig. 3B) . This length corresponded precisely to the calculated size expected for a monocistronic mRNA for iap starting at the identified promoter and ending at the putative transcriptional terminator noted previously (23) . Transcripts detected in E. coli carrying the multicopy recombinant iap plasmid pSK5 exhibited a hybridization intensity with the iap-specific probe that was similar to or even lower 1 (Fig. 3A) . The amounts of iap-specific RNA isolated from the wild-type strain and from mutant RIII were similar. Northern blot analysis of RNA from the wild-type strain EGD and mutant RIII also indicated that iap-specific mRNA was present in similar amounts in both strains. The results suggested that the full-length iap transcript of 1.5 kb was synthesized by both the wild-type strain and the mutant RIII (Fig. 3B) . There was no accumulation of degraded iap RNA observed in RIII, although large amounts (40 and 70 [Lg) of total RNA were loaded on the gel. We therefore ruled out increased instability of the iap transcript or premature termination of iap transcription in RIII. Effect of multiple iap gene copies on transcription and translation of p60 in the wild type and mutant RIII. A recombinant plasmid was constructed that carried a 2.3-kb HpaII fragment from the previously described clone pSK5 (23) inserted into the 8.3-kb streptococcal vector pGB363 (3). This fragment carried the iap gene and noncoding sequences of 330 bp 5' upstream and 500 bp 3' downstream from this gene (Fig. 4) . This recombinant plasmid, pGB363p60, was transformed into L. monocytogenes, where the DNA was stably maintained. The copy number of this plasmid in L. monocytogenes was 10 to 15 per cell (data not shown). When pGB363p60 was introduced into the L. monocytogenes wild type and mutant RIII, the amount of iapspecific RNA increased about fourfold compared with the amount in the corresponding untransformed strains; this increase was similar in both strains (Fig. 3A) . Transcription of iap therefore seemed to occur with the same efficiency in the wild-type strain and in mutant RIII.
Next we determined the amount of p60 synthesized by the wild-type strain and the mutant RIII after transformation with pGB363p60. The transformed wild-type strain expressed p60 in large amounts, as expected (Fig. 5) . The increase in p60 protein concentration roughly paralleled the increase in iap-specific RNA. The amount of p60 in mutant RIII carrying pGB363p60 was also increased by a factor of about 4, but the total amount of p60 protein still remained low, considering the high copy number of the iap gene in this mutant strain, and never exceeded the amount of p60 produced by the wild-type strain that carried a single iap gene copy on the chromosome (Fig. 5) . The major portion of p60 was secreted into the medium, and the amount of cell-bound p60 was low in both strains, indicating that mutant RIII is not defective in the secretion of p60.
To test whether a gene(s) controlling the expression of iap-specific mRNA was located in the vicinity of the iap gene, we cloned a 7.5-kb BamHI fragment of L. monocytogenes DNA obtained from the recombinant E. coli clone pLM37 (23) into pGB363 and transformed the mutant RIII with this construct, termed pGB363p60-1. In addition to the iap gene, this BamHI fragment carried 1.9 kb 5' upstream and 4.1 kb downstream of the iap gene. The amounts of p60 expressed in the R mutants carrying pGB363p60-1 and pGB363p60 were identical (Fig. 6 ). This observation led to the conclusion that a gene(s) in the immediate vicinity of the iap gene cannot compensate for the low-level p60 expression in the rough mutant RIII.
Isolation and sequence analysis of the iap gene from mutant RIII with the PCR. Based on the known nucleotide sequence of the iap gene and its surrounding regions from L. monocytogenes 1/2a EGD (23), two oligonucleotide primers were selected (see Material and Methods) that should allow the amplification by PCR of a chromosomal segment of mutant RIII that includes the iap gene and the initiation and termination sites for transcription of iap. The expected 1.8-kb PCR product was obtained, and its sequence was determined. No changes in the nucleotide sequence of RIII compared with the reported wild-type sequence were observed in the 5' and 3' noncoding regions. Within the coding region of iap we observed three nucleotide changes to the reported iap sequence. Two were located in the 5' region of iap encoding the N-terminal signal peptide of p60, and one was located a few nucleotides upstream of the repeat region. Resequencing of the wild-type iap gene in these positions revealed two sequencing errors in the previously reported iap sequence (23) . The corrected sequence changes the Arg residues in the signal peptide to Ala residues. The third exchange was confirmed, replacing Pro (CCA) in amino acid position 309 of p60 by Ser (TCA) in p60 of mutant RIII (Fig.  7) . The entire corrected version of the iap sequence from L. monocytogenes 1/2a EGD is available in the EMBL data library under the accession number X52268. It appears to be rather unlikely that this amino acid exchange is the cause for the observed phenotype of RIII. We rather assume that a Ser residue was present at this position in the wild-type L. monocytogenes strain from which mutant RIII was isolated.
DISCUSSION
The protein p60 encoded by the iap gene (23) is one of the major secreted proteins in L. monocytogenes isolates. Proteins related to p60 are also present in the other Listeria species, which are virtually nonpathogenic for humans. However, the genes encoding these p60-related proteins exhibit significant homology with the iap gene of L. monocytogenes only in the 5' and 3' terminal regions but not in the middle part, where an extended repeat domain has been identified (23) . Mapping of transcriptional start sites of the iap gene and of iap-related genes confirms the presence of highly conserved DNA sequences at the 5' terminus of these genes and suggests identical or very similar expression sites: the oligonucleotide used in primer extension experiments binds well to the mRNAs of the other Listeria strains tested, and the extension products have the same septum (24) . Isolated protein p60 from L. monocytogenes and the p60-related proteins from L. ivanovii and L. innocua can catalyze the chain breakage into individual cells (41) , suggesting that one function of p60 is the separation of daughter cells during cell division. The fact that viable mutants cannot be obtained in which the iap gene is entirely eliminated is consistent with this hypothesis (22) . It has also been suggested that the p60 of L. monocytogenes is involved in invasion of nonprofessional phagocytic mammalian cells. Indeed, most R mutants of L. monocytogenes show a reduced synthesis of p60 and a concomitant decrease in invasiveness for mouse fibroblasts (3T6 cell line). The invasiveness of R mutants can be restored with extracellular fractions enriched for the p60 of L. monocytogenes (24) .
The present data indicate that p60 synthesis in R mutants (exemplified by RIII) is downregulated. The p60 protein produced in RIII still exhibits normal p60 activities, i.e., septum separation and restoration of invasiveness, but the amount of p60 in this mutant is reduced by a factor of about 5. The defect in p60 expression is not on the transcriptional level, since R mutants synthesize the same amount of p60-specific RNA as the wild type and the size of this RNA is unaltered compared with the size of the corresponding wild-type RNA. Introduction of additional iap gene copies into the R mutant via a recombinant plasmid containing the structural iap gene together with its promoter region (23) leads to an increased level of p60-specific mRNA. This level is comparable to that of the wild-type strain, which harbors the iap gene-containing recombinant plasmid. However, although the amount of p60 protein increases in correlation with the increased level of p60-specific RNA in the wild-type strain, no corresponding increase in p60 protein concentration is observed in the RIII mutant.
The nucleotide sequence of the iap gene of mutant RIII shows a single amino acid exchange when compared with the iap sequence of the (probably nonisogenic) L. monocytogenes wild-type strain 1/2a EGD. This amino acid exchange (Pro to Ser) occurs in a position that is unlikely to affect transport efficiency or stability of p60. We are thus left with two possible explanations that can be discussed for the low-level expression of p60 in mutant RIII. (i) Secretion of p60 may require a specific factor that is defective in RIII. Although we cannot rigorously rule out this possibility, it appears to be rather unlikely for the following reasons: no intracellular accumulation of p60 is observed in mutant RIII, and E. coli, which should not contain a p60-specific secretion factor, transports p60 efficiently across the inner membrane (22) . This suggests that the N-terminal signal peptide and the intracellular folding of p60 are sufficient prerequisites for the transport of p60. (ii) Synthesis of p60 may be regulated on the translational level; a specific factor, which is altered in mutant RIII, is required for the translation of iap mRNA.
Regulation of translation by antisense RNA or a translational repressor has been demonstrated (17, 19, 34 lation initiation region of the mom-specific mRNA, thereby allowing access of the ribosome to the ribosome binding site. A computer analysis for possible secondary structures in the 5' region of the iap-specific mRNA also reveals a structure that would render the putative ribosome binding site and the initiation codon of iap inaccessible in a duplex stem (Fig. 8) . The free energy (A\G) of this structure (-12 kcal [ca. -50.2 kJ]/mol) is sufficiently high to allow its stable formation in vivo. In such a model, translational efficiency would be strongly reduced, as has been recently shown by sitedirected mutagenesis of a defined hairpin structure containing a ribosome binding site (9) and by combination of synthetic DNA fragments with different genes (37) .
The RIII mutant containing 6 kb of wild-type L. monocytogenes DNA flanking the iap gene on a plasmid does not produce larger amounts of p60 than RIII transformed with iap only. A gene(s) located in the vicinity of iap is therefore apparently not involved in the regulation of p60 synthesis or secretion.
A mutation in the envA gene leading to a phenotype similar to that observed for the described R mutants (long cell chains with formed septae) has been previously described for E. coli (32) . It has been argued that the defect might affect a murein amidase involved in septum separation. The envA gene has been cloned and sequenced (2) . The distribution of the EnvA protein between the cytoplasm and the cytoplasmic membrane is not in agreement with the periplasmic and outer membrane location of the known murein amidase of E. coli (40) . It is therefore likely that the cloned gene is involved in the regulation of this amidase rather than encoding the amidase itself. The envA mutation of E. coli might therefore affect a locus similar to that affected in the R mutants of L. monocytogenes.
